Structure determination of 3,5-dimethoxybenzyl bromide and 3,4,5-trimethoxybenzyl bromide has been carried out from laboratory powder X-ray diffraction data using the direct-space Genetic Algorithm technique for structure solution followed by Rietveld refinement. These two compounds are of interest for their potential use as building blocks for the synthesis of dendritic materials. Although the two molecules differ only in the presence/absence of the methoxy group at the 4-position of the aromatic ring, the structural properties of the two materials are significantly different. © 2005 International Centre for Diffraction Data.
I. INTRODUCTION
The field of powder diffraction has seen many significant advances over the last 40 years or so, and in this special issue of Powder Diffraction dedicated to Daniel Louër, it is appropriate to recognize the wide-ranging contributions that he has made to this field, which encompass new fundamental aspects of powder diffraction methodology as well as the application of powder diffraction techniques to tackle novel and important structural problems ͑Louër and Louër, 1972; Louër, 1988; Boultif and Louër, 1991; Louër, 1996; Langford and Louër, 1996; Louër, 1998; McCusker et al., 1999; Langford et al., 2000; Giovannini et al., 2001a; 2001b; Louër, 2003; Boultif and Louër, 2004͒ . As a result, many practitioners in the powder diffraction field have benefited from the contributions that Professor Louër and his research group have made to this field over the years.
Much of our own current research is focused on structure determination of organic molecular solids from powder diffraction data, and the present paper is focused in this area. Within the last decade or so, new opportunities have opened up for carrying out complete structure determination of organic molecular solids directly from powder diffraction data ͑Harris and Tremayne, 1996; Harris et al., 2001; Chernyshev, 2001; Harris and Cheung, 2004; Altomare et al., 2004; Favre-Nicolin and Černý, 2004; Shankland et al., 2004͒, par- ticularly through the development of the direct-space strategy for structure solution ͑Harris et al., 1994͒. Recent methodological advances in this field are such that organic molecular crystal structures of moderate complexity can now be determined fairly routinely by this approach. Nevertheless, structure determination from powder diffraction data is not a black-box technique, and considerable care must be taken to ensure the correctness of the structure obtained.
This paper reports the structure determination of two organic molecular materials: 3,5-dimethoxybenzyl bromide ͓denoted 3,5-DMBB; Figure 1͑a͔͒ and 3,4,5-trimethoxybenzyl bromide ͓denoted 3,4,5-TMBB; Figure 1͑b͔͒ , carried out from powder X-ray diffraction data using the directspace genetic algorithm technique ͑Kariuki et al ., 1997; Harris et al., 1998; Habershon et al., 2003͒ for structure solution followed by Rietveld refinement ͑McCusker et al., 1999; Rietveld, 1969; Young, 1993͒ . Both of these materials are of interest in our research on dendritic materials as they serve as precursors for some of the families of dendrimers of interest. The crystal structure of a related molecule 3,5-dimethoxybenzyl alcohol, which is also of interest as a dendrimer precursor, has also been determined from powder X-ray diffraction data ͑Pan et al., 2004͒. Such organic molecular solids are particularly amenable to structure determination using the direct-space strategy for structure solution because reliable information on specific aspects of molecular geometry ͑e.g., standard bond lengths and bond angles͒ is already known, and therefore the structure solution calculaa͒ Author to whom correspondence should be addressed. Electronic mail: HarrisKDM@cardiff.ac.uk Figure 1 . Molecular structures of ͑a͒ 3,5-DMBB and ͑b͒ 3,4,5-TMBB. The arrows indicate the variable torsion angles in the structure solution calculation from powder X-ray diffraction data. tion requires only to establish the position and orientation of the molecule in the asymmetric unit, and the molecular conformation.
II. BACKGROUND TO STRUCTURE DETERMINATION OF ORGANIC MOLECULAR SOLIDS FROM POWDER X-RAY DIFFRACTION DATA
The stages involved in crystal structure determination from powder X-ray diffraction data are ͑i͒ unit cell determination ͓which, in the work presented here, has been carried out using the DICVOL program ͑Louër and Louër, 1972; Boultif and Louër, 1991; 2004͒ developed in the group of Daniel Louër͔; ͑ii͒ pattern-decomposition/profile-fitting ͓which is commonly carried out using the techniques developed by Pawley ͑1981͒ and Le Bail et al., ͑1988͔͒; ͑iii͒ structure solution; and ͑iv͒ structure refinement. The aim of structure solution is to obtain an initial approximation to the structure, using knowledge of the unit cell and space group determined in the first two stages, but starting with no knowledge of the actual arrangement of atoms or molecules within the unit cell. If the structure solution is a sufficiently good approximation to the true structure, a good quality structure can then be obtained by structure refinement, which is generally carried out using the Rietveld profile refinement technique.
Among recent developments in techniques for carrying out structure solution from powder X-ray diffraction data, the direct-space strategy is particularly suitable in the case of organic molecular materials. In the direct-space strategy, trial crystal structures are generated in direct space, and the quality of each trial structure is assessed by direct comparison between the powder X-ray diffraction pattern calculated for the trial structure and the experimental powder X-ray diffraction pattern ͑in our work, this comparison is carried out using the weighted powder profile R-factor R wp , which takes peak overlap implicitly into consideration͒. In the present paper, our genetic algorithm ͑GA͒ technique was used to search for the structure representing the global minimum in R wp in the direct-space structure solution calculation.
In the GA technique, a population of trial structures is allowed to evolve subject to rules and operations ͑mating, mutation, and natural selection͒ analogous to those that govern evolution in biological systems. Each structure in the population is specified by its "genetic code," which represents, for each molecule in the asymmetric unit, the position ͕x , y , z͖ and orientation ͕ , , ͖ of the molecule in the unit cell, and the molecular conformation, defined by n variable torsion angles ͕ 1 , 2 , ... , n ͖. The quality ͑"fitness"͒ of each structure in the population is assessed from its value of R wp . New structures are generated by the mating and mutation operations. In the natural selection procedure, only the structures of highest fitness ͑i.e., lowest R wp ͒ are allowed to pass from one generation to the next generation. In the GA structure solution calculation, the population is allowed to evolve for a specified number of generations or until convergence is reached. After the population has evolved for a sufficient number of generations, the best structure in the population ͑i.e., the structure with lowest R wp ͒ should be close to the correct crystal structure. Details of the GA technique for structure solution ͑Kariuki et al., 1997; Harris et al., 1998; Habershon et al., 2003͒, as The best structure solution obtained in the GA structure solution calculation is used as the starting structural model for Rietveld refinement. To assess the quality of fit obtained in the final Rietveld refinement, an important issue is to compare the difference profile obtained in the Rietveld refinement with the difference profile obtained for the same experimental powder X-ray diffraction pattern in the patterndecomposition/profile-fitting stage of the structure determination process ͑i.e., from the Pawley or Le Bail fitting procedure͒. Clearly, the fit obtained in the patterndecomposition/profile-fitting procedure establishes a limit to the quality of fit that could be obtained in a Rietveld refinement calculation for the same experimental powder X-ray diffraction pattern ͑taken over the same 2 range͒.
III. EXPERIMENTAL
Synthesis of 3,5-DMBB and 3,4,5-TMBB was carried out by bromination of the corresponding hydroxy compounds ͑3,5-dimethoxybenzyl alcohol and 3,4,5-trimethoxybenzyl alcohol, respectively͒ using phosphorus tribromide at −10°C in a sodium chloride ice bath. Both compounds were purified by column chromatography on silica gel, and recrystallized from hexane. Full characterization was carried out using standard techniques ͑solution state 1 H and 13 C NMR and mass spectrometry͒. For measurement of the powder X-ray diffraction pattern of 3,5-DMBB, the sample was ground and packed between two pieces of transparent tape. The powder X-ray diffraction pattern was recorded at ambient temperature in transmission mode on a Siemens D5000 diffractometer ͑Cu K ␣1 radiation, Ge-monochromated; linear position-sensitive detector covering 8°in 2; 2 range 5°to 70°; step size 0.020°; data collection time 15 h͒.
For measurement of the powder X-ray diffraction pattern of 3,4,5-TMBB, the sample was ground and loaded into a borosilicate glass capillary ͑0.7 mm diameter͒. The powder X-ray diffraction pattern was recorded at ambient temperature in transmission mode on a Bruker D8 diffractometer ͑Cu K ␣1 radiation, Ge-monochromated; linear position-sensitive VANTEC detector covering 12°in 2; 2 range 3°to 70°; step size 0.017°; data collection time 12 h͒.
The crystal structures of 3,5-DMBB and 3,4,5-TMBB were determined directly from the powder X-ray diffraction data using our GA technique ͓implemented in the program EAGER ͑Habershon et al., 2005͔͒ for structure solution, and using the GSAS program ͑Larson and Von Dreele, 1987͒ for Le Bail and Rietveld refinement. 
IV. STRUCTURE DETERMINATION A. Structure determination of 3,5-DMBB
The powder X-ray diffraction pattern of 3,5-DMBB was indexed using the program DICVOL ͑Boultif and Louër, 1991͒, leading to the following unit cell with monoclinic metric symmetry: a = 8.45 Å, b = 4.51 Å, c = 25.28 Å, ␤ = 93.73°, V = 962.77 Å 3 ͑M 20 = 34.0, F 20 = 81.3͒. Patterndecomposition/profile-fitting using the Le Bail method ͑Le Bail et al., 1988͒ produced a good quality fit ͓Figure 2͑a͒; R wp = 2.75%, R p = 1.75%, R exp = 3.07%͔, serving both to confirm the correctness of the unit cell and to establish suitable profile parameters for use in the subsequent structure solution calculation. On the basis of systematic absences, the space group was assigned as P2 1 / c. Density considerations suggest that there are four molecules of 3,5-DMBB in the unit cell ͑Z =4͒. For space group P2 1 / c, there is therefore one molecule in the asymmetric unit ͑ZЈ =1͒.
For structure solution, each trial structure was defined by a total of nine structural variables: ͕x , y , z , , , , 1 , 2 , 3 ͖. The three variable torsion angles are indicated in Figure 1͑a͒ . The population comprised 100 trial structures, and in the evolution of the population from one generation to the next generation, 50 mating operations and 25 mutation operations were carried out. The best trial structure obtained after 15 generations in the structure solution calculation ͑i.e., after sampling a total of 1975 trial structures͒ was used as the initial structural model for Rietveld refinement. In the Rietveld refinement, bond lengths and bond angles were restrained ͑soft constraints͒ to standard values, and planar restraints were applied to the aromatic rings. Isotropic displacement parameters were refined for all nonhydrogen atoms. All hydrogen atoms, including those of the methyl groups, were placed at calculated positions with a fixed value ͑0.05 Å 2 ͒ for the isotropic displacement parameter. The Rietveld refinement led to a good quality of fit ͓Figure 2͑b͒; R wp = 4.06%, R p = 2.89% for 3236 observations and 37 parameters; R F 2 = 8.71% for 842 observations; final refined unit cell parameters: a = 8.4497͑4͒ Å, b = 4.5123͑1͒ Å, c = 25.2799͑1͒ Å, ␤ = 93.743͑1͒°, V = 958.32͑9͒ Å 3 ͔. Fractional atomic coordinates in the final refined crystal structure are given in Table I and d-spacings and intensities are listed in Table II .
B. Structure determination of 3,4,5-TMBB
The powder X-ray diffraction pattern of 3,4,5-TMBB was indexed using the program DICVOL, leading to the following unit cell with monoclinic metric symmetry: Patterndecomposition/profile-fitting using the Le Bail method produced a good quality fit ͓Figure 3͑a͒; R wp = 4.29%, R p = 3.23%, R exp = 1.99%͔. On the basis of systematic absences, the space group was assigned as P2 1 / c ͑Z =4͒, and density considerations suggest that there is one molecule of 3,4,5-TMBB in the asymmetric unit ͑ZЈ =1͒.
For structure solution, each trial structure was defined by a total of ten structural variables: ͕x , y , z , , , , 1 , 2 , 3 , 4 ͖. The four variable torsion angles are indicated in Figure 1͑b͒ . The population comprised 100 trial structures, and in the evolution of the population from one generation to the next generation, 50 mating operations and 25 mutation operations were carried out. The best trial structure obtained after 20 generations in the structure solution calculation ͑i.e., after sampling a total of 2600 trial structures͒ was used as the initial structural model for Rietveld refinement, which was carried out using the general procedure discussed in Sec. IV A. The Rietveld refinement led to a good quality of fit ͓Figure 3͑b͒; R wp = 4.97%, R p = 3.93% for 3987 observations and 43 parameters; R F 2 = 6.46% for 944 observations; final refined unit cell parameters: a = 16.5165͑2͒ Å, b = 5.31473͑8͒ Å, c = 12.6675͑2͒ Å, ␤ = 103.334͑1͒°, V = 1081.99͑4͒ Å 3 ͔. Fractional atomic coordinates in the final refined crystal structure are given in Table  III and d-spacings and intensities are listed in Table IV .
V. DISCUSSION A. Crystal structure of 3,5-DMBB
The conformation adopted by the 3,5-DMBB molecule in the crystal structure is shown in Figure 4͑a͒ . The bromine atom of the CH 2 Br group lies out of the plane of the phenyl ring, and the two O -CH 3 bonds lie close to the plane of the phenyl ring and are oriented parallel to each other in a syn,syn conformation ͓the designations syn and anti refer to the orientations of the C͑3͒O-CH 3 and C͑5͒O-CH 3 bonds relative to the orientation of the C͑4͒-H bond͔. With regard to this feature, other molecules containing 3,5-dimethoxyphenyl rings ͑with hydrogen atoms in the 2-, 4-, and 6-positions͒ display a range of different conformations, including other examples with syn,syn conformations ͑Lin et al ., 1979; Bartholomew et al., 2000͒, examples of syn,anti conformations ͑Lynch et al., 1994 Peters et al., 1993; Pettit et al., 1988͒ , an example with two independent molecules in the asymmetric unit with anti,anti and syn,anti conformations ͑Yin et al., 2002͒, and an example with two independent 3,5-dimethoxyphenyl moieties in a given molecule that adopt syn,syn and syn,anti conformations ͑Yin and Zhang, 2002͒.
In the crystal structure ͓Figure 4͑b͔͒, the 3,5-DMBB molecules are stacked along the b-axis, with adjacent molecules along the stack related to each other by the unit cell translation. Thus, the planes of the phenyl ring of the molecules in the stack are parallel to each other, but there are no significant ¯ stacking interactions between adjacent molecules as a consequence of the tilting of the planes of the phenyl rings relative to the stacking axis. Along the c-axis ͓horizontal in Figure 4͑b͔͒ , there are rows of molecules with relatively short C -H¯O contacts between the C-H bonds of the phenyl ring of one molecule and methoxy groups of neighbouring molecules. Along these rows, pairs of adjacent molecules ͑A · · · A͒ lie in the same plane as each other ͑and are related across an inversion centre, denoted by the symbol · ͒, whereas the next pair of adjacent molecules ͑B · · · B͒ again lie in the same plane as each other ͑and are related across an inversion centre͒, but with the planes of the A and B molecules almost perpendicular to each other. The overall arrangement along these rows is thus
Thus, the structure does not comprise planar sheets of molecules. Rather, when viewed along the c-axis, there are two orientations of the molecular planes that are almost perpendicular to each other. The rows of molecules ͑along the c-axis͒ are stacked along the b-axis as discussed above, leading to slabs of molecules parallel to the bc-plane. At the interface between adjacent slabs of this type, the bromine atoms of one molecule come into van der Waals contact with the two methyl ͑methoxy͒ groups of a neighbouring molecule ͑as discussed below, this feature contrasts with the structure of 3,4,5-TMBB͒.
B. Crystal structure of 3,4,5-TMBB
The conformation adopted by the 3,4,5-TMBB molecule in the crystal structure is shown in Figure 5͑a͒ . The methoxy groups at the 3-and 5-positions lie close to the plane of the phenyl ring, and the C͑3͒O-CH 3 and C͑5͒O-CH 3 bonds are oriented away from each other in an anti,anti conformation ͓the designations syn and anti refer to the orientations of the C͑3͒O-CH 3 and C͑5͒O-CH 3 bonds relative to the orientation of the C͑4͒-O bond͔. For the methoxy group at the 4-position, on the other hand, the methyl group lies out of the plane of the phenyl ring, with the C͑4͒O-CH 3 bond pointing almost perpendicular to the plane of the ring. These conformational features are commonly observed in crystal struc- tures of other molecules containing 3,4,5-trimethoxyphenyl rings ͑with hydrogen atoms in the 2-and 6-positions͒ ͑Saad et Wallet et al., 1995; Lockhart et al., 1987; Krygowski et al., 2001͒ . In contrast to the conformational properties discussed above for 3,5-dimethoxyphenyl rings, as found in 3,5-DMBB, it is apparent that there is much less latitude for conformational variation in 3,4,5-trimethoxyphenyl rings. In the 3,4,5-TMBB molecule, the bromine atom of the CH 2 Br group also lies out of the plane of the phenyl ring, and is oriented outwards from the same face of the phenyl ring as the methoxy group at the 4-position.
In the crystal structure ͓Figure 5͑b͔͒, the 3,4,5-TMBB molecules are stacked along the b-axis, with adjacent molecules along the stack related to each other by the unit cell translation. The planes of the phenyl rings of the molecules in the stack are parallel to each other, but there are no significant ¯ stacking interactions between adjacent molecules as a consequence of the tilting of the planes of the phenyl rings relative to the stacking axis. Along the c-axis ͓horizontal in Figure 5͑b͔͒ , there are zigzag rows of molecules with relatively short C -H¯O contacts between the C-H bonds of the phenyl rings of one molecule and the methoxy groups of the neighbouring molecules; along these rows, the molecules alternate between two different orientations ͑leading to the description as a zigzag row͒. These rows of molecules ͑along the c-axis͒ are stacked along the b-axis as discussed above, leading to slabs of molecules parallel to the bc-plane. The two surfaces of the slab are different from each other-one surface ͑the "bromine surface"͒ contains the bromine atoms of all molecules in the slab, whereas the other surface ͑the "methoxy surface"͒ contains two methoxy groups from each molecule in the slab ͑the other methoxy group of each molecule lies within the slab͒. These slabs are stacked along the a-axis, and within the unit cell there are two different types of interface ͑parallel to the bc-plane͒ between adjacent slabs. At one interface, the bromine surfaces of adjacent slabs are in van der Waals contact with each other, whereas at the other interface, the methoxy surfaces of adjacent slabs are in van der Waals contact with each other. In contrast, in the structure of 3,5-DMBB discussed above, the two surfaces of a slab of molecules are equivalent by symmetry ͑and each surface contains both bromine and methoxy groups͒, and all interfaces between adjacent slabs are also equivalent by symmetry.
